Relativistic configuration interaction calculations with the inclusion of the Breit interaction, quantum electrodynamics and finite nuclear mass corrections have been carried out in the extended optimal level scheme using multiconfiguration Dirac-Fock wavefunctions on the forbidden transition probabilities for the 2 4 ground state configuration of the oxygen isoelectronic sequence for 8 Z 42. Electric quadrupole and magnetic dipole transition probabilities are reported for transitions between several of these levels. Our results are compared with those from other theories and experiments. Our energy levels are in better agreement with experiment than other theories. 
Introduction
An accurate knowledge of fundamental atomic quantities is important not only for atomic physics experiments, but also for fields like astrophysics, plasma, and fusion physics. Measurement of radiative lifetimes of metastable states provides valuable information for understanding emission lines in astrophysical objects, plasma modeling, solar physics and in atomic physics theory. The study of forbidden transitions can bring valuable insight in the understanding of astronomical spectra, mainly because for highly charged ions, transitions from metastable levels occur at much longer wavelengths than other transitions in the same ion [1] . Of particular interest are the lines be- * E-mail: hufengscu@139.com longing to the 2 4 configuration because they are present in solar flares [2] and have been also observed in tokamaks [3, 4] .
Transition energies and probabilities within the 2 4 configuration of the oxygen isoelectronic sequence have been the object of particular attention in the last decades. The SUPERSTRUCTURE code of Eissner et al. [5] was used by Kastner et al. [6] , who included only the 2 4 , 2 6 and 2 3 3p configurations, and Bathia et al. [7] , who accounted for correlation within the = 2 complex only.
The same code was used to calculate radiative rates for forbidden transitions in the oxygen isoelectronic sequence for Z 28 [8] . Of particular interest were the Multiconfiguration Dirac-Fock calculations of Cheng et al. [9] , who included all configurations within the = 2 complex to account for electron correlation and intermediate coupling and also selected QED contributions. Edlén [10] expressed the energy difference between the observed values in the O-like spectra and the theoretical values of Chen et al. [9] in terms of a polynomial in Z , thus providing a set of "recommended" energy values. Fischer and Saha [11] calculated energy levels, as well as electric quadrupole and magnetic dipole transition probabilities, for the ground-state configuration of the oxygen isoelectronic sequence, using a multiconfiguration Hartree-Fock method with Breit-Pauli corrections, and claiming a better agreement with observation than other theoretical results, except for the 1 D 2 level. Baluja and Zeippen [1] performed a similar calculation using configuration interaction wave functions in the computer program CIV3, including relativistic corrections in the Breit-Pauli approximation. Marques [12] has calculated the energy levels and transition probabilities for Z = 20 ∼ 30 using the MCDF code developed by Desclaux and Indelicato. Recently, a complete review of O-like sequence transitions has been made by Landi in the year of 2005 [13] . Also, Bogdanovich et al. have used the configuration interaction method to study the O-like Mg V, Si VII, Cl X, Ca XIII, and Cr XVII ions [14] [15] [16] . On the basis of our previous work [17, 18] , in this paper, besides the well-known problems arising from the necessity of considering some of the core electrons within the atom and the effects of electron correlation, relativity has to be taken into account in accurate calculations. The calculation methods used are based on the MCDF method, as represented by the GRASPVU (a general-purpose relativistic atomic structure package developed at Vanderbilt University). It is a modification and extension of the GRASP92 codes by Parpia et al. [19] . As will be shown in the current work, the MCDF mode, which has been applied successfully to a number of atomic systems and spectroscopic properties, is used to investigate the convergence of fine-structure splitting and transition rates for the configuration 2 2 2 4 of the oxygenlike ions. The quality of the variational wave-functions and the reliability of the calculated expectation values are assessed from the analysis of the convergence patterns as the approximate wave-function is systematically improved, and from the comparison with the available theoretical and experimental data.
Method

Theory
The extended optimal level(EOL) version of the Multiconfiguration Dirac-Fock method is used to calculate the transitions. The theoretical basis of our present computational approach has been widely discussed elsewhere [17] .
Hence we only repeat the essential features here. The GRASPVU Package is based on the Multiconfiguration Dirac-Fock method. In the Multiconfiguration DiracFock method the atom is represented by atomic state functions (ASF), each one a linear combination of configuration state functions (CSF)
where the CSF Φ(αJ) are antisymmetrized linear combinations of relativistic orbital products of the form
Here κ is the relativistic angular momentum, P κ ( ) and Q κ ( ) are the large and small component radial wavefunctions and χ ( − → ) is the spinor spherical harmonic in the lsj coupling scheme. The CSF are constructed from one-electron orbitals, according to the well-known rules of symmetry (parity and angular momenta) [20] . The goal is a systematic approach, where all important contributions are included. This allows for monitoring the convergence of different properties and plausible estimates of uncertainties. The foundation of the method is an active set of orbitals, which is used to generate all possible CSFs. In general the size, and thereby the accuracy, of a certain approach is defined by the number of the active set of orbitals. It is thus straightforward to define a systematic approach, by just increasing the orbital set in a systematic fashion. The Dirac-Coulomb Hamiltonian can be written as
All the dominant interactions in an N-electron atom or ion are included in the Dirac-Coulomb Hamiltonian. In equation (3), the first term is the one-body contribution for an electron due to the kinetic energy and interaction with the nucleus. The two-body Coulomb interaction between the electrons comprise the second term in (3). Higher order modifications to equation (3) due to the transverse electromagnetic interaction and the radiative corrections are treated via perturbation theory. This work was performed using an expansion of configuration interaction based on the multiconfiguration Dirac-Fock method. To build a CSF expansion, the restricted active space methods were used. The idea of the active space methods is to consider only electrons from the active set and to excite them from the occupied orbitals to unoccupied ones.
The orbital was increased systematically in order to monitor the convergence of the calculation. Since the orbitals with the same principal quantum number often have similar energies, the active set is usually enlarged in steps of orbital layers. It is convenient to refer to the (1 2 2 3 3 3 ) set of orbitals as the = 3 orbital layer, (1 2 2 4 4 4 4 ) as = 4, etc. Larger orbital sets can result in a considerable increase of computational time required for the problem, and appropriate restrictions may be necessary. Based on the above calculation method, we considered the active space consisting of all the orbitals in the set with principal quantum number = 1 − 5 and = to were included with = 6. All electrons were treated as reference configurations throughout the present calculations.
After the generation of the CSF sets, we perform angular integrations for the matrix elements of the many-electron Dirac-Coulomb Hamiltonian. To generate initial estimates for radial orbitals, we used a Thomas-Fermi potential. The optimizations were carried out layer by layer to obtain the orbitals requested in next CI calculation. In this scheme, first we optimized the orbitals with 3 in the reference CSFs. Then we optimized the orbitals for = 4 layer and keep the 3 orbitals fixed. With this scheme we optimized = 5. The optimization is on the (2J + 1) weighted average of all fine structure levels belonging to an LS term and driven to convergence with the self-consistency criteria set to 10
. And in the EOL calculation where states of different angular momentum J and parity are obtained simultaneously, we use the block structure of the Hamiltonian matrix. Since both J and parity are good quantum numbers and the basis functions are already eigenstates of these quantities, it is preferable to re-arrange the order of the basis functions so that all the states with the same J and parity are grouped into a particular block.
After obtaining the set of radial functions, relativistic configuration interaction calculations were carried out to determine CSF expansion coefficients by diagonalizing the Hamiltonian matrix that included the frequencydependent Breit interaction, Vacuum polarization and Self-energy correction. In this implementation of the RCI program an iterative Davidson method was used together with a spare matrix representation allowing for large expansions.
Finally, the mixing coefficient was transformed from the block format to non-block format. Then the initial and final state orbital sets were transformed into a biorthogonal form. We then computed the oscillator strengths, line strength, transition probability between biorthogonal states and each matrix element was evaluated by the standard Racah algebra.
Computational procedure
The EOL scheme used in this work includes several levels in the energy functional that takes into account the weights for the levels under consideration. Using coupled states as basis states, Dirac-Fock calculations were first performed for the reference configurations 1 2 2 2 2 4 . Then the correlation effects were included by continuing the calculations for a series of expansions generated mainly by single and double (SD) electron replacements from the configuration of interest (reference configuration) to an active set of orbitals with the same LS symmetry. The virtual set was varied in a systematic way by increasing the principal quantum number by one without imposing restrictions on the orbital quantum number. Earlier calculations [21] indicate that the largest set that could be handled without any difficulty was = 4. Also, for configurations with more than four electrons, the number of CSFs generated was very large for double excitation and we could not carry out our RCI calculations due to storage limitations. So in present calculation, we consider SD excitation for case of 4.
In order to explain the SD excitation clearly, we give the reference configuration for single-and Table 1 , together with experimental and theoretical results obtained by other authors. In the present calculation the wave function was optimized for each level inside the calculation. The Gaunt part of the Breit interaction was made self-consistent, while retardation and QED effects, namely vacuum polarization and self-energy were treated as perturbations. The values in the column labeled Exp in Table 1 are from NIST 1 . The m stands for the wave-function expansion lengths. And we should point out that the NIST did not give the value of 1 S 0 for Kr XXIX, so we use the value "recommended" by Edlén [10] . Our results are based on the Thomas-Fermi-Dirac potential which depend on the electron orbitals and wave-function expansion. In order to compare the other theoretical results, a special calculation was performed for two cases. One case is that the configuration was expand to the principal number = 3, another is = 6. From Table 1 , we can find that our results including = 6 are close to the experimental results. Compared to experimental results, the maximum difference is only 4.5%. To check the dependence of accuracy on a given correction accounted for in the wavefunction expansion we compare in Table 2 a m:wave-function expansion length, that is to say the total number of CSFs [11] The discrepancy in the 1 D 2 energy level is reflected in other transition energies such as 1 
Again, the present results with 3 are in general agreement with the results from Cheng and there is a substantial improvement in the agreement with experimental results for all Z except for Ne III. The discrepancy for Ne III is up to 5.05%. But after considering 6, the discrepancy has decreased to 3.03%, while the best difference is 5.05% obtained by Fischer [11] with the wave-function expansion length 90.
The results from Edlén [10] are also listed in Table 2 . Their results are found to be in a good agreement with NIST for low Z 20. This is because their "recommended" results are based on the experimental results, and lack of experimental results for higher Z ions. We note that the results given by Landi [13] , who adopted the Superstructure code, are compared in Table 2 . For the case of 1 S 0 − 3 P 2 , their results are higher than the NIST results ranging from 325 to 2137 cm , which is a little higher than ours. However, compared to the NIST results, the maximum difference of 1 D 2 − 3 P 0 appears on the Mg V, which is up to 9.32%. This is mainly because in Landi's calculation, they only consider 24 configurations, which is not sufficient for the calculation.
In general, our results are in good agreement with experimental results. It is interesting that for higher Z , = 6 results are not always better than = 3. For higher Z , there is more correlation outside the complex in the 3 P state. With more reference configurations considered, the overestimation of 3 P 2 may occur. So the accurate ground state energy of 3 P 2 is important to determine the other excitation state energies. Also we can conclude that the modest improvement in the accuracy of transition relative to the configuration of 1 D 2 suggests that any further improvement would require that special attention be given to correction in the 1 D 2 state.
Fine-structure splitting
In Table 3 , we compare the 3 P 0 − 3 P 2 energy separation of both theoretical and experimental results. The theoretical results are from Chen et al. and Fischer et al., while the experimental results are "recommended" by Edlén [10] . In the column, the present "a" and "b" are the calculation with the principal number 3 and 6, while Fischer "a" and "b" are the calculation with inclusion with wavefunction length = 4 and 90. For low Z , the correction has tended to bring results into better agreement with observation, but overcorrects the complex values. For Z = 20 and 30 ( 6) the result are in excellent agreement with observation with differences less than 0.013%. Comparing the present 6 results with those reported by Cheng et al. [9] , we can see that there is an increasing difference as Z increases. We should point out that compared to the observation results, the biggest difference is up to 11.8%, while 3.9% for our 3 case, 0.81% for our 6 case, 4.41% for Fischer with = 4 and 1.08% for 90. To the extent that energy differences may be used as a criterion for accuracy, the analysis of termenergy splitting as well as fine-structure splitting indicate that present calculation with 6 is the most reliable. 
Transition probabilities
The forbidden quadrupole (E2) and magnetic-dipole (M1) transitions, given as
where λ is the transition wavelengths in angstroms, ω is the statistical weights of the initial state, and S E2 and S M1 are the electric quadrupole and magnetic dipole line strengths, respectively. Table 4 were all based in the theoretical wavelengths or, equivalently, theoretical transitions energies (recall that 1 λ is proportional to the transition energy). We computed the probability of all magnetic dipole (M1) and electric quadrupole (E2) transitions, within the 2 4 complex, leading to the 3 P 2 and 3 P 1 levels. The aim of this calculation was to check the effect of the hyperfine quenching on the lifetime of the 3 P 0 level, mainly for Z > 24, where this level can decay only via a E2 transition to the ground level. Table 4 . Comparison of the forbidden E2 and M1 transitions in the oxygen sequence. Numbers in the parentheses denote power of ten. To compute the transition probabilities fully relaxed orbitals were used, i.e., non-orthogonality between initial and final state orbitals were taken into account. From Table 4 , our results in general agreement with others.
The values reported in
The only transitions where some results derived from observation are available are the 1 S 0 − 1 D 2 transition in oxygen yielding the 5577 Å line and the 1 S 0 − 3 P 1 transition yielding the 2972 Å. The former line is a key spectral fea-ture in the study if auroras. It has also been observed in the solar spectrum and measurements of its intensity has been used to determine the abundance of oxygen in the sun. The upper levels may also decay via the M1 transition of the 3 P 1 state. The relative intensities of these two lines provides information about the ratio of the transition probabilities. For these, many work have been done. Omholt [22] estimated an upper limit of τ = 0 75 s for the 1 S 0 state. Leblanc et al. [26] studied the emission of several forbidden lines in oxygen and found the ratio of intensities of the 5577 to 2972 Å lines to be 22 ± 2. On the other hand, McConkey et al. [27] measured the ratio in the laboratory and obtained the result of 18 6 ± 3 7. Keenahan and Pang [28] measured the 1 S 0 − 1 D 2 transition probability as well as the intensity ratio of the two lines. This data predicts a lifetime of 0.905 s which appears to be too Large. In Table 5 , we have summarized all the available data. All theoretical values are now computed using the observed transition energies. The present result with 6 yields a ratio if intensities in agreement with the Lebanc et al. [26] ratio. The lifetime of 0.753 s also satisfies with Corney et al. [29] . 
Conclusion
We report on Multiconfiguration Dirac-Fock results for forbidden transition probabilities on the 2 4 configuration for the oxygenlike sequence. The energy levels and electric quadrupole and magnetic dipole transition probabilities are compared to other theoretical and experimental results. The results indicate that after expanding the configuration to the principal number = 6, our results are in a excellent agreement with experimental results. These data can be used to analyze the previous theoretical and experimental results.
